Polar orbiting satellites with low spatial resolution sensors, such as the AVHRR, provide repeated global coverage of the Earth. The data is directly transmitted to ground stations, and in some cases distributed immediately after the data acquisition. Near real time applications can be implemented if the adequate processing tools are available. This paper presents a near real time processing system, developed for NOAA/AVHRR data acquired from the Dundee satellite station. The system performs image calibration, geometric corrections and atmospheric corrections with minimum operator intervention. The geometric corrections consist of an orbital-based correction refined by the automatic identification of Ground Control Points (GCPs) by image matching. The atmospheric correction is based on simulations performed on the 6S radiative transfer code using a set of typical and expected values for the most significant parameters. An attempt to evaluate the error associated with the simplified atmospheric correction method was carried out. As an illustration, 3 AVHRR images from NOAA 16 were processed. The ranges of values encountered for the most relevant parameters were analysed. The range and average values for the reflectance channels 1 and 2 with and without the atmospheric correction are compared. These were used to produce standard Normalized Difference Vegetation Index (NDVI) images and atmospheric corrected NDVI images.
INTRODUCTION
Earth observation satellites acquire enormous amounts of data from the planet surface and atmosphere. A number of sensors, onboard meteorological and environmental polar orbital satellites, provide frequent global coverage of the Earth, in the form of low spatial resolution multi-spectral images. The images are transmitted to ground stations and stored in archives for subsequent processing and in some cases made available shortly after the satellite pass. This is very useful for near real time environmental monitoring, particularly when the data distribution policy is such that very little or no cost are involved in accessing the data. The AVHRR, SeaWiFS and MODIS are examples of satellite sensors providing data in these conditions. However, as the raw satellite data is usually not satisfactory for most applications, a number of processing steps are usually needed. These can include image calibration, geometric correction, additional imagery production, image classification, and atmospheric corrections. Most of these tasks can be automated, with various levels of operator intervention. Efficient processing tools are therefore required in order to have the final information available in practical time. This paper describes a near real time processing system, developed for NOAA/AVHRR data acquired from the Dundee satellite station, which provides atmospherically and geometrically corrected image data with minimum operator intervention.
THE AVHRR DATA
The Advanced Very High Resolution Radiometer (AVHRR), onboard National Oceanographic and Atmospheric Administration (NOAA) satellites, provides data of the Earth surface and atmosphere since 1978 1 . The NOAA series of polar orbiting satellites is an operational program, which guarantees two working satellites continuously, currently NOAA 16 and NOAA 17 2 . The AVHRR has a nominal ground resolution of 1.1 km at nadir and a wide swath of 2800 km, allowing for complete Earth coverage every 12 hours 3 . The AVHRR instrument has 5 spectral bands: band 1 on the visible (0.58-0.68 µm); band 2 on the near infrared region (0.725-1.10 µm); band 3 on the mid-infrared (1.58-1.64 µm or 3.55-3.93 µm); bands 4 and 5 on the thermal infrared part of the electromagnetic spectrum (10.30-11.30 µm and 11.50-12.50 µm) 2 . The digital data is collected in 10-bit resolution and transmitted to ground in various formats, including the High Resolution Picture Transmission (HRPT) mode that is used for real-time transmission of the 1 km image data 3 . The AVHRR sensor, initially designed for meteorological purposes, has been used for various environmental applications, such as climatological studies, vegetation monitoring, fire risk assessment, production of snow and ice maps, fisheries, etc. 3 . Some of these applications can benefit from data access in near real time.
THE DUNDEE SATELLITE RECEIVING STATION
The Dundee Satellite Receiving Station (www.sat.dundee.ac.uk) provides on-line access to satellite data from the AVHRR, SeaWiFS, and MODIS sensors, as well as data from the METEOSAT. Registered users can access "quicklooks" of the latest images and place their orders through the WWW interface. "Quicklooks" from archived images are also available online. At any time there are about 100 AVHRR images, 70 SeaWiFS images and 20 to 30 MODIS images available for direct ordering 2 . For the AVHRR, the data is made accessible for browsing through the WWW shortly after a satellite pass. Normally the full resolution images can be transferred by FTP only a few minutes after the order is placed, which is a very useful feature for near real time applications.
SYSTEM OVERVIEW
The processing system presented here was designed for continental Portugal and for AVHRR data collected from the Dundee Satellite Receiving Station but can be easily adapted for other locations and AVHRR data formats. The system performs the following tasks: image calibration, geometric corrections, atmospheric corrections, and additional imagery production (for example a vegetation index image). The image calibration and additional imagery production are straightforward tasks. The atmospheric correction method will be described in Section 3; the geometric correction method used was described in detail elsewhere 4, 5 .
RAW DATA ACQUISITION
The AVHRR images are obtained from the Dundee Satellite Receiving Station by FTP, allowing for the images to be available for processing a few minutes after the satellite pass. The user can order calibrated images and auxiliary images with viewing and illumination geometry parameters. These include, for each image pixel, the Solar Zenith Angle (SZA), Solar Azimuth Angle (SAA), Viewing Zenith Angle (VZA), and Viewing Azimuth Angle (VAA) 2 . Information about the satellite orbits is also provided, which is needed for the geometric correction.
The atmospheric correction method implemented requires measurements of the horizontal visibility at 550nm in as many locations as possible. There are about 30 locations in continental Portugal where measurements of the horizontal visibility are made; most are meteorological stations or airfields. However, the access to these measurements is not often possible in near-real time. The best source seems to be "The Weather Underground, Inc" (www.underground.com) providing horizontal visibility measurements for 22 of these locations, updated every 1 to 6 hours, depending on the station 6 . The data is obtained from national meteorological service stations and military airports, and made available through the WWW shortly after the observations. Unfortunately there are frequent gaps in the data posted on the WWW.
GEOMETRIC CORRECTION
The geometric correction method involves four stages 4 : (i) initial image transformation (f) of the original AVHRR image, based on orbital parameters, creating a geo-referenced image; (ii) image segmentation of the image produced in (i) into 3 main classes (land, water, and cloud) and additional 9 classes with various levels of mixed water/land; (iii) automatic collection of a set of Ground Control Points (GCPs), by image matching, used to establish a transformation function (g) between the auto image and a reference image; (iv) final imagery production, directly from the original image, combining both image transformation functions f and g. The whole process is automatic but requires cloud free areas on the coastline. For continental Portugal a total of 30 search points are used alongside the coastline to allow for the automatic collection of GCPs.
ATMOSPHERIC CORRECTIONS
The atmospheric correction method implemented deals with the AVHRR visible and near infrared channels. The Top Of Atmosphere (TOA) reflectance images of channels 1 and 2 are corrected for Bottom Of Atmosphere (BOA) reflectance images. The correction process makes use of the Radiative Transfer Code 6S (Second Simulation of the Satellite Signal in the Solar Spectrum) 7 and horizontal visibility measurements.
THE 6S RADIATIVE TRANSFER CODE
The 6S code allows for the simulation of the measured signal by a satellite sensor in the range 0.25-4.00 µm. Given the target reflectance of a pixel and the sensor characteristics, the code simulates the effect of the atmosphere in the signal due to scattering by molecules and aerosols, and absorption, mainly by H 2 O, CO 2 , O 2 , O 3 , CH 4 , N 2 O and CO 7 . The input parameters include the viewing and illumination geometry, atmospheric model for the gaseous components, aerosol model, sensor/band information, and target (BOA) reflectance. The ground horizontal visibility is also an input parameter, used to estimate the optical depth due to aerosol loading at 550 nm. The 6S code computes the TOA reflectance amongst other outputs. The main limitations to the operational use of the 6S code is the difficulty in getting the required atmospheric parameters and the computational time involved in running the code on a pixel-by-pixel basis 8 .
EVALUATION OF THE MOST RELEVANT PARAMETERS
Initially a total of 9 input parameters were considered. These include viewing and illumination conditions (6), surface characteristics (2) and atmospheric conditions (1). The most likely or typical value for each of these parameters was established, for the spring and summer periods in Portugal. Setting all the parameters to their typical values, a BOA reflectance of 0.3 will correspond to a TOA reflectance of 0.2662 for channel 1, and 0.2360 for channel 2. The aerosol and atmospheric models were maintained constant, as no information about the most suited model for a particular day and location is easily available. The pressure, temperature, H 2 O(v) and O 3 profiles were set to the "midlatitude summer" and the aerosol model to 60% continental, 30% maritime and 10% urban. The surface was considered to be homogeneous and Lambertian throughout.
The 6S code was used to estimate the importance of each input parameter on the TOA reflectance measured by AVHRR channels 1 and 2. This was done by varying each parameter through the whole range of possible values, maintaining the remaining inputs fixed. For 4 of the tested parameters the variability of the measured reflectance throughout the entire range of possible values was found to be negligible. In addition to the BOA reflectance, the 5 remaining parameters were found to have a significant effect on the TOA reflectance; these were: Solar Zenith Angle (SZA), Viewing Zenith Angle (VZA), Viewing Azimuth Angle (VAA), ground height, and horizontal visibility. The VAA only takes one of two possible values, apart from slight variations. Figure 1 shows plots for the TOA reflectance as a function of (i) SZA, (ii) VZA and VAA, (iii) ground height, (iv) horizontal visibility at 550nm. A summary of these results is also presented on Table 1 . The TOA reflectance has a nearly linear dependence with the SZA and ground height, for both channels 1 and 2. The TOA reflectance plots for VZA/VAA and for horizontal visibility have a non-linear behaviour. The results presented on Figure 1 and on 
THE SIMPLIFIED ATMOSPHERIC CORRECTION METHOD
For each image pixel the TOA reflectance (ρ T ) is a function of 6 variables:
where ρ B is the BOA reflectance, θ s the SZA, θ v the VZA, φ v the VAA, h the ground height and v the horizontal visibility at 550nm.
As it is impractical to run the 6S code for every pixel, a possible approach is to establish a multi-dimensional look up table. However, with 5+1 parameters (φ v only has 2 values) the number of scenarios to simulate is very high. For example if 10 values were used for each input parameter, the total number of scenarios would be 2x10 5 . This number would even be higher because some of the input parameters would require even more than 10 values, as can be easily concluded from the plots on Figure 1 . A simplified approach is to consider that the effect of each parameter is independent from the remainder. We thus have a simplified estimation of the TOA reflectance (ρ T ') computed from the TOA reflectance obtained with all parameters set to their typical values (ρ T 0 ):
The ∆ρ T (x-x 0 ) functions have the form of the plots presented on Figure 1 . Computationally this is much easier to implement, as the total number of scenarios is reduced to only about a hundred.
ERROR EVALUATION
An evaluation of the error introduced by the simplification proposed was carried out. A total of 300 sets of input parameters were randomly generated. For each set of input parameters, the TOA reflectance was calculated using the 6S code (ρ T ) and the simplified approach (ρ T '). The error from the simplified approach is obtained by:
This error can be compared with the expected value (ρ T ) but it is perhaps more significant to compare the amount of atmospheric correction effectively done by the simplified approach (C SA ) and that actually done by the 6S code (C 6S ).
ε SA = <| C 6S -C SA |> / <C 6S > ε SA is the average error committed by the simplified approach, relatively to the correction by the 6S code. Table 2 shows the average results for the 300 scenarios tested. The simplified approach corrects on average about 85% of the atmosphere attenuation on channel 1 and about 90% on channel 2. These results are rather good, as most of the atmosphere influence is corrected by the simplified method. The results from this test would certainly be improved if the random values were set to follow the most likely encountered values in reality, which tend to be distributed around to the typical set of values.
A similar formulation can be established for the inverse process, which is in fact the approach for atmospheric correcting the satellite data. In this case the TOA reflectance is available and the aim is to calculate the BOA reflectance:
The estimation of the BOA reflectance (ρ B ') is based on the same assumptions as for the direct process, and on the same ∆ρ T (x) functions:
where
The 6S code could have been used in 'atmospheric correction' mode, which simulates BOA from TOA reflectance values. However, with the simplified approach used, the error associated with the inverse process (BOA from TOA reflectance values) is better evaluated by:
The performance of the simplified approach in the inverse process is not as satisfactory as for the direct process (see Table 2 ). The results presented for the 300 set of random values show an average correction of 67% and 72% of atmospheric effects for channels 1 and 2, respectively. It should be emphasised that this analysis is based on the assumption of an identical performance of the 6S code in both the direct and inverse processes. This assumption needs to be further investigated. Again, a smaller error would be obtained if the random values were set to be distributed around the typical set of values, as they tend to do in reality. Table 2 : Summary of the evaluation of the errors committed by the simplified atmospheric correction approach.
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IMPLEMENTATION
The atmospheric correction of an AVHRR image requires the following inputs: channels 1 and 2 calibrated to TOA reflectance (ρ T ); synthetic images with the SZA, VZA and VAA for each pixel; ground height and horizontal visibility at 550 nm for each pixel. The SZA, VZA and VAA images are provided by the Dundee Satellite Receiving Station as well as the calibrated channels 1 and 2. A 1 km digital elevation model raster image was created for continental Portugal from the USGS global digital elevation model GTOPO30 9 . The horizontal visibility of each pixel is obtained by spatial and temporal interpolation of the valid readings form the "The Weather Underground, Inc". For each pixel this set of values is used to compute the inverse correction functions (∆ρ T ) and finally to obtain the BOA reflectance for AVHRR channels 1 and 2. The whole process is considerably fast and does not require a direct use of the 6S code. The operator intervention is minimum. The most time consuming task is entering through the keyboard the visibility readings for each valid station before and after the satellite image acquisition.
DATA PROCESSING EXAMPLE
A practical processing example is presented here as an illustration of the near real time system and the usefulness of the atmospheric correction procedure. Three AVHRR images from the 9 th , 10 th and 11 th of July 2003 were collected from the Dundee Satellite Receiving Station. The visibility readings from the network of ground stations were recorded for 12:00 and 15:00. As it happens often, there was only one reading from a number of the stations. Visibility measurements from 15 stations were available on the 9 th of July, from 14 on the 10 th and from 18 stations on the 11 th of July. The main characteristics of the three images are presented on Table 3 . This table also presents the range and average values encountered for continental Portugal (90232 pixels) for the relevant parameters on each of the images. The Solar Zenith Angle only varies by about 4º within a single image. The SZA values at this time of the year are all close to the typical value used for the 6S simulation (30º). The Viewing Zenith Angle varies by about 20º within a single image and for these three images happens to be all positive. The visibility has a considerable variability within a single image, between 5 and 30 km for the three dates. The average visibility is close to the typical value used in the simulation (15 km) but this should be the main source of error in the simplified approach, as this parameter was found to be the most critical on the simulations. Furthermore, the network of ground stations is sparse and there are frequent gaps in the data posted on the WWW. The height parameter is constant for every image; the average value for continental Portugal is 325 meters and the typical value used in the simulation was 400 meters.
BOA reflectance images from channels 1 and 2 were produced following the atmospheric correction method presented in the previous section. These were used to compute an atmospherically corrected NDVI image (BOA NDVI). An NDVI image computed from TOA reflectance images was also produced. The range of values encountered for continental Portugal for BOA and TOA reflectance images for channels 1 and 2 and BOA and TOA NDVI are presented on Table 3 . The range of channel 1 reflectance values is increased by the atmospheric correction process but the average value is slightly decreased. For the AVHRR channel 2 the range of reflectance values is also increased by the atmospheric correction. The average reflectance values for channel 2 are significantly increased. These two facts combined result in much higher NDVI values when atmospheric corrected reflectance images are used. As a final remark, it is worth pointing out that the BOA reflectance values used for the simulations with 6S were 0.300 for both channels, which according to the results on Table 3 seem to be an overestimation.
CONCLUSIONS
Near real time processing tools are useful to implement some environmental monitoring applications based on satellite images of the Earth. The AVHRR images have a good repetition period and are widely available. Atmospheric corrections are not often used when fast processing is required, due to the lack of auxiliary data and computational effort. The processing system presented here performs the tasks of image calibration, geometric corrections, atmospheric corrections, and additional imagery production nearly automatically. The atmospheric correction method is based on simulations previously performed on the 6S radiative code for typical values for the relevant parameters for a specific area. A large number of images are currently being processed in order to analyse the range of values encountered and establish a new set of typical values, suited for the area of interest. The new set of typical values will be used to perform new simulations using the 6S code. An extensive evaluation of the numerical error in the 6S simulations and on the simplified atmospheric correction approach is also needed.
